2. MODEL DEVELOPMENT

The first step in studying each experimental source was to develop a two-phase mass balance
modd describing the rate at which achemica enters, leaves, or accumulates within the system. A key
component of each source modd was the rate a which achemica leavesthe liquid phase and enters
the gas phase. This volatilization rate may be described in terms of a stripping efficiency or mass
transfer coefficient. To determine the voldtilization rate for a source, a separate mass baance was
completed on each phase. By smultaneoudy solving the respective differentid equations, the source-
gpecific chemica volatilization rate was predicted.

This section is divided into four parts. Section 2.1 involves the theory of mass transfer and
important mass transfer parameters. Section 2.2 presents the different mass balance models used for
ided reactors. Section 2.3 describes the mass balance model s devel oped for each experimental
sysem. Findly, Section 2.4 describes the chemical emission mode s associated with each source.

2.1. MASSTRANSFER THEORY

Although the operation of each household tap water sourceis very different, asmilar group of
mass transfer parameters may be gpplied to characterize the volatilization of chemicds. These
parameters include chemicd gtripping efficiency, mass transfer coefficients (overal, liquid-phase, and
gas-phase), and the ratio of overdl mass transfer coefficients for any two contaminants. Each of these
vauesisdiscussed in this section.

2.1.1. Chemical Stripping Efficiency
The gtripping efficiency of a specific chemicd for aflow-through system with a congtant volumetric
flowrate of water and no reactionsis defined as.

¢" L8 ——
Cio (2-1)
where
¢ = dripping efficiency (fractiond)
C, = outletchemical concentrationinwater (M/L%)
C» = inletchemicd concentrationin water (M/L3).

Smilarly, the stripping efficiency of a specific chemicd for abatch sysem with a constant volume
of water and no reaction is defined as.
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G0 (2-2)
where
c = gripping efficiency (fractiond)
Ced = find chemica concentration in water (M/L3)
Co = initid chemical concentration in water (M/L3).

In generd, a gtripping efficiency requires measurement of the inlet liquid concentretion to the
system of interest and measurement of the outlet liquid concentration at the systlem’sdrain. Stripping
efficiency vadues are influenced by severd factors, including chemica properties (eg., Henry’slaw
constant [H]), temperature, nozzle type, liquid flowrate, gas flowrate, and presence of a person,
detergent, clothes, and dishes (depending on the type of source).

2.1.2. Mass Transfer Coefficients

Each household source is characterized by a unique combination of mass transfer mechanisms that
affect chemical voldilization rates. These mechanisms can include afdling film, (eg., the jet associated
with afaucet), spray droplets (e.g., in showers or dishwashers), splashing at surfaces (e.g., during the
filling of awashing machine), and entrained air bubbles (e.g., when afaucet jet impacts an underlying
basin). When two or more of these mechanisms are important, it is often difficult or impossble to
determine separate mass transfer coefficients. It iscommon to “lump” the effects of multiple mass
transfer mechanismsinto asingle overal mass trandfer coefficient, K, . The resulting equation for local
rate of change of massin the liquid phase associated only with volatilization is

h=1- %‘“ (2-3)
1in
where
C, = chemicd concentrationin water (M/L3)
V, = locd volume of water (L3)
t = time(T)
K. = ovedl masstranser coefficient for the chemica of interest (L/T)
C, = contaminant concentration inair adjacent to water (M/L3)
H. = Henry'slaw constant for chemical of interest (L3;4/L3,s)
A = intefacid surface area between water and adjacent air (L2).
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For a dilute aqueous solution, the Henry’ s law congtant for a specific chemicd is defined astheratio of
chemical concentration in air to that in water at equilibrium. Vaues of Henry’'slaw congtant are
dependent on chemica sructure and water temperature. For most volatile organic compounds, the
Henry’slaw congtant can be gpproximated closely asthe ratio of chemical vapor pressure to solubility
inwater. Assuch, achemica (e.g., acetone) may be conddered reaively volatilein its pure date (high
vapor pressure) but aso relatively nonvolatile when dissolved in water (miscible in water). The term
(C, — C4/H,) isthe concentration driving force between the liquid and gas phases. Asthe difference
between C, and C,/H, decreases, the system approaches chemica equilibrium.

In accordance with two-film theory (Lewis and Whitman, 1924), the overal mass transfer
coefficient can be expressed as.

2oty 1
K Kk Kk CH, (2-4)
where
K. = ovedl masstranser coefficient for the chemica of interest (L/T)
K, = liquid-phase mass transfer coefficient (L/T)
Ky = gasphase masstransfer coefficient (L/T)
H. = Henry'slaw constant for chemical of interest (L%;o/L>g).

Theterm /K isreferred to as an overdl resstance to masstransfer. The term 1/k; isreferred to as
liquid-phase resistance to mass transfer, and 1/(k,CH,) is referred to as gas-phase resistance to mass
transfer. For k,CHc >> k;, gas-phase resstance to mass transfer is small and the overall mass transfer
coefficient is gpproximatdy equd to the liquid-phase mass transfer coefficient. This condition is
generdly true for highly volatile compounds such as radon.

It is often difficult to separate mass transfer coefficients and the interfacid area (A) over which
mass transfer occurs. Thisis particularly true for sources without well-defined or quiescent surfaces,
for example, most indoor consumptive water uses. However, by dividing each term by /A, Equation
2-4 can be effectively rewritten as.

1.1, 1
KA kA kACH (2-5)
where
K. = ovedl masstranser coefficient for the chemica of interest (L/T)
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interfacia surface area between water and adjacent air (L?)
liquid-phase mass trandfer coefficient (L/T)

gas-phase mass transfer coefficient (L/T)

Henry's law constant for chemical of interest (L%;/L°).

In accordance with two-film theory (Lewis and Whitman, 1924), liquid- and gas-phase mass
transfer coefficients are related to chemica properties and fluid flow conditions as follows:

DI
k| .?
3 (2-6)
D
ky ==
% (2-7)

liquid-phase mass trandfer coefficient (L/T)

gas-phase mass transfer coefficient (L/T)

molecular diffusion coefficient for achemica in water (L%/T)

molecular diffusion coefficient for achemica in air (L%/T)

thickness of a hypothetica liquid film adjacent to the interface and through which
chemica trangport is solely by molecular diffusion (L)

thickness of ahypothetical gas film adjacent to the interface and through which

chemical trangport is solely by molecular diffusion (L).

Molecular diffusion coefficients vary to some extent between volatile chemicas and are afunction
of fluid temperature. The hypotheticd film thicknesses are assumed to be a function of the extent of
turbulent kinetic energy and subsequent mixing on either Sde of the interface, decreasing in width with
anincreasein turbulent kinetic energy. For dilute agueous solutions, the film thicknesses are assumed
to be independent of chemica concentrations.

For penetration theory (Higbie, 1935) and surface renewa theory (Danckwerts, 1951), liquid-
and gas-phase mass transfer coefficients are predicted to be proportiond to the product of molecular

diffuson coefficients and surface renewd rates according to:

kI%(chrl)O'S (2-8)
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kg%(DgCrg)O'S (2-9)

where
K, = liquid-phase mass transfer coefficient (L/T)
kK = gas-phase masstransfer coefficient (L/T)
D, = molecular diffusion coefficient for achemica in water (L%/T)
D, = molecular diffusion coefficient for achemicd inair (L%/T)
f = rate of surface renewd for the liquid side of the interface (1/T)
'y = rate of surface renewd for the gas side of the interface (1/T).

The hypothetica surface renewd rates are assumed to be independent of contaminant concentrations
for dilute agueous solutions. They are assumed to increase as turbulent kinetic energy in the bulk fluid
increases.

Finaly, Dobbins (1956) developed atheory (film-penetration theory) that incorporates the
fundamenta principles of both two-film and penetration theories. Corresponding relationships for k
and k, are:

Kk, '(D )1cothg r; }
| (2-10)

(2-12)

where
K, = liquid-phase mass transfer coefficient (L/T)
kK = gas-phase masstransfer coefficient (L/T)
D, = molecular diffusion coefficient for achemicd in water (L%/T)
D, = molecular diffusion coefficient for achemicd inair (L%/T)
a = thickness of ahypothetica liquid film adjacent to the interface and through which
chemica transport is solely by molecular diffusion (L)
& = thicknessof ahypothetica gasfilm adjacent to the interface and through which
chemica transport is solely by molecular diffusion (L)
f = rate of surface renewd for the liquid side of the interface (1/T)
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'y = rate of surface renewd for the gas side of the interface (1/T).

Film-penetration theory reduces to two-film theory asr, and r, become small, and to penetration theory
asr, and ry become large.

Although values of hypothetical film thicknesses or surface renewd rates are not readily
messurable, Equations 2-6 through 2-11 are fundamental for relating mass transfer coefficients between
chemicals. Because the influences of hydrodynamic characteristics (& or r) are independent of chemical
concentrations or characteristicsin dilute agueous solutions, the ratio of liquid-phase mass transfer
coefficients for two compounds can be expressed as.

ki, KA Pl
®|'=-'=-'

“i KA P (2-12)

where

@, = liquid-phase masstransfer reationd parameter (-)

ki = liquid-phase masstransfer coefficient for chemica i (L/T)

k; = liquid-phase mass transfer coefficient for chemicd j (L/T)

A = intefacid surface area between water and adjacent air (L?)

Di = liquidphese diffuson coefficient for chemica i (L%/T)

D; = liquid-phase diffusion coefficient for chemicd j (L/T)

n = liquid-phase power constant (-).

The power constant n, varies from 0.5 (penetration and surface renewd theory) to 1.0 (two-film
theory). Vauesof n, have been caculated for natural and engineered systems and are often reported
to be between 0.6 and 0.7 (Roberts et ., 1984; Smith et d., 1980). A vaue of 2/3 is commonly
goplied. Given aspecific vaue of ny, Equation 2.12 can be used to estimate k;;, given ameasured or
estimated k;; and the ratio of liquid-phase diffusion coefficients betweeni and j. The latter are generaly
available for many volatile chemicas and may aso be estimated with a reasonable degree of accuracy
(Tucker and Nelken, 1990). Although Dy; and Dy; are both functions of temperature, researchers have
observed that &, does not vary sgnificantly with variations in water temperature, occurrence of
surfactants, or degree of turbulent mixing, dthough the latter may cause variationsin n, (decreasing with
an increase in the amount of turbulent kinetic energy in the water) (Matter-Muller et d., 1981; Smith et
al., 1980).
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Inamanner similar to that for k; and k;;, the ratio of gas-phase mass transfer coefficients for two
compounds can be expressed as.

@.kgi. gir12
s % b

g (i (2-13)
where

@, = gasphasemasstrandfer relational parameter (-)

Kg = gas-phase masstrander coefficient for chemica i (L/T)

Kg = gas-phase masstransfer coefficient for chemical j (L/T)

Dy = gasphasediffusion coefficient for chemicd i (L%/T)

Dy, = gesphesediffusion coefficient for chemicd j (L)

n, = power constant (-).

Aswith the power congtant n;, n, varies between 0.5 and 1.0. Relative to sudiesinvolving estimates of
n,, lesswork has been reported to confirm appropriate values of n,. A vaue of n, equa to 2/3 is often
assumed (Little, 1992).

In accordance with Equation 2-4, the ratio of overall mass transfer coefficients for chemicasi and
j can be expressed as:

1, 1 1, 1
gm.i_:. kij - kgjich . kliAo kgiAchci
ki kgCHy KA K ACH, (2-14)
where

Ky = ovedl masstrander coefficient for chemicd i (L/T)
Ky = ovedl masstrandfer coefficient for chemica j (L/T)
A = intefacid surface area between water and adjacent air (L?)
ki = liquid-phase masstransfer coefficient for chemicd i (L/T)
k; = liquid-phase masstransfer coefficient for chemica j (L/T)
ki = gasphase masstrandfer coefficient for chemica i (L/T)
kg = gasphase masstrandfer coefficient for chemica j (L/T)
Hs = Henry'slaw constant for chemical i (L3y/L3y)
Hs = Henry'slaw constant for chemical j (L3;/L3y).
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Assuming ky/k; is equal to ky/k;;, EQuation 2-14 can be rearranged agebraicaly to yield:

[k ]
192
@ .K|_i.®(Zj Hci klj

]
k.
@ %D H =L,
g c k”

(2-15)

where
@, = ovedl masstranster coefficient relationd parameter (-)
K. = ovedl masstrander coefficient for chemicd i (L/T)
Ky = overdl masstransfer coefficient for chemica j (L/T)
D)™

@, = liquid-phase masstrander rationd parameter (<) © [ D—”}
D, = liguidphasediffuson coeficient for chemicd i (L%/T)
D; = liquid-phasediffusion coefficient for chemica j (L%/T)
n = liquid-phase power constant (-)

D_\"
@, = gasphasemasstransfer relational parameter (-) {-D=:'-}
Dy = gasphasediffuson coefficient for chemicd i (L¥T)
D, = gasphasediffusion coefficient for chemica j (L3T)
n, = power constant (-)
Hs = Henry'slaw constant for chemical i (L3y/L3y)
Hs = Henry'slaw constant for chemical j (L3;o/L3xs)
k; = liquid-phase mass transfer coefficient for chemicd j (L/T)
kg = gasphase masstransfer coefficient for chemical j (L/T).

A common mistake when relating overal mass transfer coefficients between two chemicasisto
assume that K /K ; = @,. This relaionship requires knowledge only of liquid molecular diffusion
coefficients for each compound in accordance with Equation 2-12, but is valid only when gas-phase
resistance to mass transfer is negligible for each compound. In fact, Equation 2-15 convergesto

2-8



Equation 2-12 as ky/k, and/or H.for both i and j become very large. Asdiscussed previoudy, an
assumption that gas-phase resstance is negligible is reasonable when both compounds are highly
volaile (eg., radon). However, for less volatile compounds, it may be necessary to know or estimate
not only liquid-phase molecular diffuson coefficients, but dso gas-phase molecular diffuson
coefficients, Henry’ s law constants for each chemica, and theratio of gas-to-liquid phase mass transfer
coefficients for the rdationd surrogate j. Diffuson coefficients and Henry’ s law congtants can be
readily obtained or estimated for most chemicals. However, there has not been a significant amount of
published information related to ky/k, for indoor sources, including its variability with source operating
conditions (e.g., liquid flowrate). Thus, an objective of this project was to determine values of kA,
kA, and k/k, for awide range of operating conditions associated with each experimenta system.

2.2. IDEAL REACTOR MODELS

Three ided reactor models are often used to Smulate agqueous and gaseous systems. Firdt, a
system may behave as an ided plug flow reactor (PFR) in which fluid parcels move in an orderly
manner without any contact of other fluid parcelsin the axid direction, that is, no axia disperson. A
second ided reactor is a continuous-flow stirred-tank reactor (CFSTR), where fluid parcels are
completely mixed within the syssem such that the concentration within the reector isthe same a dl
locations. Theinfluent stream of a CFSTR isingantaneoudy mixed with fluid in the reactor, and the
exit stream has the same concentration as fluid within the reactor. Findly, an ideal batch reactor may
be used to describe systems where fluid isinitidly introduced to a sysem as awdl-mixed uniform
solution, after which no fluid enters or leaves the reactor. Most household water systems have behavior
that falls between these ided cases. However, instead of developing nonidedl flow models, for this
project each experimental system was analyzed as though it wereided. Deviations from the assumed
ided case are reflected in the experimentaly determined mass transfer coefficients.

2.2.1. Plug Flow Reactor M odel
A schematic of aplug flow reactor is shown in Figure 2-1. The associated mass ba ance equation
for adifferentia eement of volume AV is.

% = (QC)[,- (QO)|_.+a ,DV+a . DA (2-16)
where
C = chemica concentration (M/L3)
Vv = volume (L3)
t = time(T)
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= differentia area (L?)

= volumetric flowrate (L3/T)
volume reaction rate (M/LCT)

= differential volume (L3)

= areareaction rate (M/LCT)
= direction of flow.

2.2.2. Continuous-Flow Stirred-Tank Reactor Model
The following equation applies to the CFSTR depicted in Figure 2-2:

d(CV) on o P o d
Ty ¢ an,jCjn,j - Quwa Cta I’v,jV'l' a rAjAj

chemica concentration in reactor (M/L3)
volume (L3)

inlet volumetric flowrate (L3/T)

inlet chemica concentration (M/L3)
outlet volumetric flowrate (L3/T)

volume reaction rate (M/L3CT)
areareaction rate (M/LZCT)

area (L?).

+z

S

Figure2-T. I-’I\[/.I%TI reactor.
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Figure 2-2. Continuous-flow stirred-tank reactor.

2.2.3. Batch Reactor Modé€l

A batch reactor is merdly asmplified CFSTR, that is, awell-mixed solution with no volumetric
flowrate terms. A mass balance on the batch reactor shown in Figure 2-3is.

d(Cv) =-»r > d
T_ a rv,jV+a N AJ- (2-18)
where
C = chemica concentration in reactor (M/L3)
V = voume(L®
r, = volume reaction rate (M/L%T)
r., = aeareactionrate(M/LXT)
A = aea(L?d.
C

Figure 2-3. Batch reactor.
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2.3. SOURCE-SPECIFIC MASSBALANCE MODELS

Deve opment of source-specific mass balance modesinvolved the following steps: (1) defining the
system’s phase boundaries and (2) determining which idedl flow model most accurately represented
each phase. The mass balances for each source, as wdll as solutions to the resulting differentia
equations, are given in this section.

2.3.1. Dishwasher Models

Dishwasher operation congists of pumping hot water through arotating Soray arm that produces
liquid droplets that impact surrounding surfaces. The volume of liquid used in operation is recycled, that
is, theliquid volume is congtant. Typica dishwasher operation conssts of four cycles prerinse, wash,
rinse, and find rinse. Within each cydeisafill period, the cydling of water, and adrain period. Thefill
and drain periods are sgnificantly shorter (100 seconds each) than the cycling of water, and were not
modeled for this sudy.

Figure 2-4 represents a dishwasher, for which the liquid phase istrested as a well-mixed batch
reector. Chemicd volatilization is primarily due to the formation and spraying of droplets. Following
Equation 2-18 with the only reaction term being the transfer of mass across the water/air interface (see
Equation 2-3), amass baance on the liquid phase leads to:

d(CV C
%: - K,C, - H—iA (2-19)
where
C, = chemicd concentration in water (M/L3)
V, = volumeof water (L3)
t = time(T)
K. = overd|l masstrandfer coefficient for the chemica of interest (L/T)
C, =  chemicad concentrationinar adjacent to water (M/L®)
H. = Henry’s law constant for chemical of interest (L3;¢/L>)
A = intefacid surface area between water and adjacent air (L?).
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Figure 2-4. Dishwasher moddl.

Assuming the liquid volume is congtant during operation, the liquid-phase mass ba ance may be
rewritten as.

dC K A K A

L=-—L—C +——C 2-20
dt V, VH, ° (2-20)
where
C, = chemica concentration in water (M/L3)
V, = volumeof water (L3)
t = time(T)

K. = ovedl masstrander coefficient for the chemicd of interest (L/T)
C, = chemica concentration inair adjacent to water (M/L®)

H. = Henry'slaw constant for chemical of interest (L3;/L° )

A = interfacid surface area between water and adjacent air (L?).

The dishwasher headspace (gas phase) is assumed to gpproach a CFSTR, dso with asingle
reaction term related to mass transfer across the water/air interface. A corresponding mass balance
leadsto:

d(CyVy)

C
" QuCain - QCy + K. Cy- A (2-21)

H

Cc

C, = chemica concentration in air adjacent to water (M/L°)
9 headspace volume (L3)

<
I
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time (T)

ventilation rate (L3/T)

gas concentration entering system from outside air (M/L3)
overal mass transfer coefficient for the chemica of interest (L/T)
chemica concentration in water (M/L3)

Henry’s law constant for chemical of interest (L3;/L% )
interfacia surface area between water and adjacent air (L?).

Assuming the gas volume is congtant during operation and the background air isreletively clean (Cg ), =
0), Equation 2-21 may be rewritten as.

dC. K, A Q, K, A
g _ N _ Xg L ]
it - v. Ty Tva S (2-22)

9 9 g c

chemica concentration in air adjacent to water (M/L3)
headspace volume (L3)

time (T)

ventilation rate (L3/T)

overdl mass trandfer coefficient for the chemica of interest (L/T)
chemica concentration in water (M/L3)

Henry’s law constant for chemical of interest (L3;/L3 )
interfacial surface area between water and adjacent air (L?).

Equations 2-20 and 2-22 must be solved smultaneoudy in order to determine K A.

Andysis usng Laplace trandforms leads to:

C"C, ap{ &.21} cosf{ [ .D=2.&E] t} }%
142 J 4 (2-23)
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—3E
4 (2-24)

initid liquid concentration (M/L3)
initia gas concentration (M/L3)

overdl mass trandfer coefficient for the chemica of interest (L/T)
interfacial surface area between water and adjacent air (L?)
volume of water (L3)

K A

[—]

VH

I c

Henry’s law constant for chemical of interest (L3/L% )

headspace volume (L3)

Q,, KA

|=|/0|=|

V, VH,
ventilation rate (L3/T)
Z+Y

ZY —BX

ZCyot XCj g,

The method used to determine K| A based on experimental datais presented in Section 3.6.

2-15



2.3.2. Washing Machine Models

Typicd operation of aresdentid washing machine conssts of the following sequence of events: fill,
wash, spin, fill, rinse, and spin. Thefill cycle conags of afaling film that impacts an underlying pool thet
continuoudy increases in depth. Chemicd volatilization may be atributed to the faling film, splashing at
the surface, and entrained air bubbles. The wash and rinse cycles both involve agitation of the basin
water for a specific length of time. The only differences between the wash and rinse cycles are the
presence of detergent for the wash cycle and the time of agitation. The primary mass transfer
mechanism associated with these cyclesis volatilization across the agitated water/air interface. Findly,
during a spin cycle the washing machine basket isrotated at arapid rate such that the respective wash
and rinse water is removed from the clothing and pumped from the machine. It was assumed that
minimal chemica volatilization occurs during a pin cycle because of lower water volume and shorter
contact time between the contaminated water and headspace air. The rate of chemicd volatilization
from awashing machine was characterized through independent investigations of the fill and wash/rinse
cycles.

2.3.2.1. Washing MachineFill Cycle

A washing machinefill cycleis represented in Figure 2-5. Water enters a machine with a congtant
inlet concentration and accumulates in the washing machine basin. On the basis of visud observation of
turbulence in the underlying pool and a short residence time for the faling film, volatilization from the
latter was assumed to be inggnificant. A mass baance on the liquid phaseis based on a CFSTR such
that:

C
% = QC,,, - K.C,- H_i A (2-25)
where
C, =  chemicd concentration in water (M/L3)
VI =  volumeof water (L3)
t = time(M
Q = liquidfill rate (L3T)
Ciin = inlet liguid-phase concentration (M/L3)
K. =  ovedl masstranser coefficient for the chemica of interest (L/T)
C, = chemica concentration in air adjacent to water (M/L3)
H. = Henry'slaw constant for chemical of interest (L%;/L3,y)
A = intefacid surface area between water and adjacent air (L2).
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Figure 2-5. Washing machinefill cycle modd.

The gas phase of the system is also assumed to approach a continuous-flow stirred-tank reactor. A
corresponding mass balance leads to:

d(Cng) & Cg 0
:Qgcg,in B Qgcg +K &G - _:A (2'26)
dt H. g

C, = chemica concentration inair adjacent to water (M/L®)

V, = headspace volume (L)

t = time(T)

Q, = vertilationrate (L¥T)

Cyin= gasconcentration entering system from outside air (M/L3)

K. = ovedl masstransfer coefficient for the chemicd of interest (L/T)

C, = chemica concentraion inwater (M/L3)
H. = Henry'slaw constant for chemical of interest (L3;/L°% )
A = intefacid surface area between water and adjacent air (L?).

As with the gas-phase mass balance for dishwashers, Equation 2-26 may be smplified by assuming that
the background air isrelatively clean. However, unlike the dishwasher gas-phase mass baance, the
washing machine gas-phase volume is changing with time as the liquid fills the machine and must
therefore remain as part of the derivative.

In order to determine K A during filling, Equations 2-25 and 2-26 were solved smultaneoudly.
However, since the liquid and gas-phase volumes and chemical concentrations
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Figure 2-6. Washing machine wash/rinse cycle model.

are changing with time, a numerica solution technique was adopted to determine K, A. Thismethod is
presented in Section 3.6.

2.3.2.2. Washing Machine Wash/Rinse Cycles

The liquid phase for awash/rinse cycle was treated as a well-mixed batch reactor with a constant
liquid volume (Figure 2-6). Theliquid- and gas-phase mass baances for this system are identicdl to the
liquid- and gas-phase mass baances for a dishwasher (Equations 2-20 and 2-22). Thus, the solutions
given in Equations 2-23 and 2-24 aso apply for this source.

2.3.3. Shower Models
Mass balance equations for a shower (as shown in Figure 2-7) were developed previoudy by Little
(1992). A summary of these equations, and their derivation, is provided in the text below.

Little (1992) identified the regions within a shower system where mass transfer occurs. drop
formation, drop acceleration to termina velocity, fal of drop at termina velocity, and impact of drop on
shower stal surfaces. To predict the rate of mass transfer from liquid droplets to the surrounding air,
Little modded the liquid phase as a plug-flow system with the following mass baance:

& C,0
K §C, - —P
dcI g H c g
=- (2-27)
dz Q,
where
C, = chemica concentration in water (M/L3)
K, = ovedl masstrander coefficient for the chemicd of interest (L/T)
C, = chemica concentration inair adjacent to water (M/L°)
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Henry’s law constant for chemical of interest (L3/L% )
liquid flowrate (L3/T)

direction of flow

perimeter of water stream (L).

The residence time of awater droplet was assumed to be reatively short. This assumption alowed the
gas-phase concentration in Equation 2-27 to be consdered congtant. The resulting differentia equation

was solved to give:
KA) [ C, KA
C out” C) oDl &——1t% — i 18D} &
A G A 9 (2-28)
where
Cot = outlet chemica concentration in water (M/L3)
Cin = inlet chemical concentration in water (M/L3)
K. = overd|l mass transfer coefficient for the chemicd of interest (L/T)
PL = interfacia area (L?)
P = perimeter of water stream (L)
L = length of stream of water (L)
Figure 2-7. Shower moddl.
Q
Cl,in
. Cg
Q Qg
Gy, Gy
Vg
U a
CI,out

Q = liquid flowrate (L3T)
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C, chemica concentration in air adjacent to water (M/L3)
H, Henry's law constant for chemical of interest (L3;4/L°).

Little (1992) dso developed a mass baance to characterize the change in gas-phase concentration
during shower operation. He modeled the gas phase as a CFSTR with the transfer of mass from the
liquid being the difference between the mass flowrate of chemica entering the system and the mass
flowrate of chemicd leaving the system (Q,C, ,, — Q,C, o). The following equation was applied:

dC
ng_tg' Q|(C| ,O&CI out QQ(CQ&CQQ}

(2-29)

where

C, = chemica concentration in air adjacent to water (M/L3)

V,y = shower stdl volume (L)

t = time (T)

Q = liquid flowrate (L3/T)

Cin = inlet chemica concentration in water (M/L3)

Couw = outlet chemica concentration in water (M/L3)

Qy = ventilation rate (L3T)

Cyin = inlet chemica concentration in ar (M/L3).

The solution to the gas-phase mass ba ance was achieved by substituting Equation 2-28 into Equation 2-
29 and then integrating, to yield:

.B B
C, 3"/{09,0&3}9@(&[)‘) (2:30
where
Cyo = initid gas concentration (M/L3)
t = time(T)
K, A
QC, 4 1&ep &T %Q,Cy0
B = '
\ 3
g (MILXT)
Q = liguidflowrae (L3T)

Cjn = inlet chemica concentration in water (M/L3)
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K. = ovedl masstransfer coefficient for the chemicd of interest (L/T)

A = interfedd area(L?)
Q, = vertilationrate (L¥T)
Cyin = inlet chemica concentration in ar (M/L3)

V, = shower sdl volume (L)

N aoe

K m

He

Henry’slaw constant for chemical of interest (L3;4/L3).

Vauesof K| A may be estimated usng Equations 2-28 and 2-30. The corresponding solution technique
IS presented in Section 3.6.

2.3.4. Bathtub Models

Three distinct operations are associated with a bathtub: (1) water flowing through the faucet with
the drain open (flow-through), (2) filling the tub, and (3) bathing in afilled tub. Each operation hasa
different associated mass balance model.

2.3.4.1. Bathtub Flow-Through Model

When water is flowing through the faucet with the drain open, there is no accumulation of water in
the basin. Thistype of operation is depicted in Figure 2-8 and may be trested in amanner smilar to that
of a shower, such that Equations 2-27 and 2-29 apply.

2.3.4.2. Bathtub Fill Model

Thefilling of abathtub (Figure 2-9) is milar to the washing machine fill cycle, whose mass badance
equations were given in Section 2.3.2.1. The numerical solution technique adopted for a bathtub is
provided in Section 3.6.

2.3.4.3. Bathtub Surface Volatilization Model

Findly, once the tub isfilled, chemica mass transfer may continue across the water/air interface.
As shown in Figure 2-10, there are no more inputs or outputs of mass, such that the system may be
modded in amanner Smilar to that of a dishwasher (see Section 2.3.1) and washing machine wadh/rinse
cycles (see Section 2.3.2.2).
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24. CHEMICAL EMISSION MODELS

A vauable product of thiswork is the ability to predict human inhaation exposure to contaminants
present in drinking water. The level of human exposure is directly related to the gas-phase chemica
concentration, which may be estimated using the appropriate source-specific mass balance models
presented in Section 2.3. In addition to C,, system and environmenta conditions are also important for
predicting human exposure, for example, room volume, air exchange rate, or headspace ventilation rate.

For dishwashers and washing machines, humans are exposed to chemicals emitted from the
headspace within each respective machine. Thisemission rate is equivaent to:

Echen = QgCg,t (2'31)
Figure 2-8. Bathtub flow-through modd.

Figure 2-9. Bathtub fill modd.
Figure 2-10. Bathtub surface volatilization modd.
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VQ
Qu << = Cq
( ( Qg
Cg’in \/Q/\C—\/_ C
qa
G
VI
Egyen = chemicd massemisson rate (M/T)
Q, = machineheadspace ventilation rate (L*/T)
Cys = time-dependent gas-phase chemical concentration in machine headspace (M/L3).

Equation 2-31 may be used to estimate a chemica mass emission rate profile for the duration of
machine operation. Integration under this curve resultsin tota chemica mass emitted during the event.
Resulting human exposure may be predicted by incorporating the mass emission rate profile into a mass
balance on the associated room air. An agpplication of these models is presented in Chapter 8.

In showers and bathtubs, humans receive amore “direct” exposure to volatilized chemicals.
Assuming no other losses, the mass flowrate for a plug-flow system is equivaent to:

Ehen= Qi (Cijn- Ciow) (2-32)
where
Etem = chemica mass emission rate (M/T)
Q = liguidflowrae (L3T)
Ciin = liquid-phase concentration entering system (M/L3)
Cot = liquid-phase concentration leaving system (M/L3).

Mass emissons during a bathing event may be determined using:

- Cg
Echem K L CI & H
c (2-33)
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where
Eqem = chemica mass emisson rate (M/T)
K, = ovedl masstrander coefficient for the chemicd of interest (L/T)
A = intefacid area(L?)
C, = chemica concentration in water (M/L3)
C, = chemica concentration inair adjacent to water (M/L®)
H. = Henry'slaw constant for chemical of interest (L%;/L3yy).

Aswith dishwashers and washing machines, the mass emission rate profile may be developed for

the duration of a showering or bathing event. Example gpplications of mass emisson models are
presented in Chapter 8.
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